In the presence of calcium ions, human peptidylarginine deiminase (PAD) converts arginine residues in proteins to citrulline. Of the five known human PAD enzymes, the type III isozyme (PAD3) exhibits the highest specificity for synthetic and natural substrates. This study aimed to determine the structure of PAD3 in order to elucidate its selective citrullination mechanism. Crystals of PAD3 obtained using polyethylene glycol 400 as a precipitant diffracted to 2.95 Å resolution using synchrotron radiation. They belonged to space group R3, with unit-cell parameters a = b = 114.97, c = 332.49 Å (hexagonal axes). Assuming two molecules were contained in an asymmetric unit, the calculated Matthews coefficient was 2.83 Å 3 Da À1 , corresponding to a solvent content of 56.6%. Initial phases were determined using PAD4 as a molecular-replacement model.
Introduction
Peptidylarginine deiminase (PAD; EC 3.5.3.15) is an enzyme that, in the presence of calcium ions, converts arginine residues in the target protein into citrullines (Vossenaar et al., 2003) . Protein citrullination by PAD confers large structural and mechanical effects on the target proteins by altering intermolecular and intramolecular ionic or hydrophobic interactions. In most cases, loss of the positive charge of the peptidylarginine residues disrupts intermolecular or intramolecular ionic interactions (Ying et al., 2009) .
Five paralogous genes (PADI1-4 and 6) on human chromosome 1p35-36 encode the human PAD isozymes (Chavanas et al., 2004) . PAD2 is distributed in ubiquitous tissues. PAD1 and PAD3 are specifically expressed in the epidermis and hair follicles (Kanno et al., 2000; Nachat et al., 2005) , whereas PAD4 and PAD6 are absent from these epidermal tissues. In many cases, multiple PAD isotypes are responsible for introducing peptidylcitrulline residues into a target protein. The citrullination of epithelial substrates appears to be conducted by a set of PAD isozymes with narrow (e.g. PAD3) or broad (e.g. PAD1 or PAD2) substrate specificity. For example, filaggrin is modified by PAD1 and PAD3 in the skin epidermis , whereas S100A3 is modified by PAD2 and PAD3 in hair follicles (Kizawa et al., 2008) .
Among the PADs, PAD3 shows the highest substrate specificity for synthetic and natural (Kizawa et al., 2008) substrates. S100A3 is an EF-hand-type Ca 2+ -binding S100 protein family member that colocalizes with PAD3 in hair cuticular cells . PAD3 converts a symmetric pair of Arg51 residues on an S100A3 dimer surface to citrullines, causing assembly of a homotetramer, but does not convert other arginines (Kizawa et al., 2008) . Although this specific citrullination is largely affected by the formation of two intramolecular disulfides in S100A3, it is unclear how the sheltered Arg51 residue is recognized by PAD3 .
Although X-ray crystal structures of the PAD4 isozyme and its complexes with substrate peptides have been reported (Arita et al., 2003 (Arita et al., , 2004 (Arita et al., , 2006 , structural analysis of other PAD isozymes has not yet been conducted. To elucidate how the citrullination mechanism(s) of PAD isozymes confer different substrate specificities, it is necessary to determine the X-ray structure of PAD3. In the present study, we report the crystallization and preliminary X-ray crystallographic analysis of PAD3.
Experimental

Expression and purification
The recombinant vector for 6ÂHis-tagged human PAD3 (pET16b-PAD3) was a kind gift from Professor P. R. Thompson (University of South Carolina). Expression of the His-tagged PAD3 protein in Escherichia coli BL21 (DE3) cells and purification using a chelating His-tag affinity column were conducted as reported previously (Knuckley et al., 2010) with slight modifications. Briefly, cells cultured in 2 l LB medium were disrupted by sonication in 20 mM Tris-HCl buffer pH 7.6 containing 400 mM NaCl, 5 mM imidazole, 1% Triton X-100 and 10 mM -mercaptoethanol (buffer A) supplemented with 1 mM phenylmethanesulfonylfluoride at 277 K. After centrifugation at 40 000g for 20 min, the supernatant was applied onto a HiTrap Chelating HP column (5 ml, GE Healthcare) which had been equilibrated with buffer A. The adsorbed fraction was eluted by increasing the imidazole concentration to 500 mM. Eluted fractions were collected and dialysed against 20 mM Tris-HCl buffer pH 7.6 containing 150 mM KCl, 2 mM dithiothreitol (DTT), 0.1 mM ethylenediaminetetraacetic acid (EDTA) and 10% glycerol (buffer B). The resulting sample was applied onto a HiTrap Q HP anionexchange column (5 ml, GE Healthcare) which had been equilibrated with buffer B. The adsorbed fraction was eluted using buffer B with the KCl concentration increased to 1 M. Eluted fractions were further purified on a HiPrep 16/60 Sephacryl S-200 HR gel-filtration column (GE Healthcare) using buffer B. The homogeneity of the purified protein was confirmed by SDS-PAGE.
Crystallization
Purified protein in buffer B was concentrated to 2-8 mg ml À1 using an Amicon Ultra centrifugal filter (Millipore) at 277 K. Crystallization was performed by the hanging-drop vapour-diffusion method in a 24-well tissue-culture plate (Falcon). At first, crystallization of PAD3 was performed under similar conditions to those previously used for PAD4 (Arita et al., 2003) . Crystals were obtained at 293 K in hanging drops composed of 2 ml PAD3 solution in buffer B and 2 ml precipitant solution consisting of 20 mM imidazole buffer pH 7.0, 0.2 M Li 2 SO 4 , 15%(w/v) polyethylene glycol (PEG) monomethylether 5000. The best crystals were obtained with an optimized precipitant solution consisting of 0.1 M 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES) buffer pH 7.5, 0.2 M NaCl, 25%(v/v) PEG 400. Fig. 1 shows a picture of the crystal.
Data collection and processing
Crystals were soaked in crystallization buffer containing 25% glycerol or ethylene glycol as a cryoprotectant prior to the X-ray experiment. X-ray diffraction data were collected at 100 K on a MAR 225HE CCD detector installed on BL44XU at SPring-8 (Harima, Japan). The diffraction data were processed with HKL-2000 (Otwinowski & Minor, 1997 . Molecular replacement (MR) was performed with the CNS program package (Brü nger et al., 1998; Brunger, 2007) .
Results
Crystals of PAD3 were obtained within 1-2 weeks at 293 K and diffracted to 2.95 Å resolution. The crystals belonged to space group R3, with unit-cell parameters a = b = 114.97, c = 332.49 Å , = = 90, = 120 , and contained two PAD3 molecules in the asymmetric unit. The calculated V M value was 2.83 Å 3 Da À1 , corresponding to a solvent content of 56.6% (Matthews, 1968) . Table 1 summarizes the data-collection statistics for the best crystal.
We successfully determined the initial phase by the MR method, using the structure of PAD4 as an initial model. Packing of the MR model showed that two molecules formed a putative dimeric biological unit within an asymmetric unit. The electron density was clearer when noncrystallographic symmetry averaging was used. We are currently engaged in model building and refinement; the detailed molecular structure of PAD3 will be reported in the near future.
Figure 1
A hexagonal pyramid-shaped crystal of PAD3 obtained using PEG 400 as a precipitant. 
